Cellobiose phosphorylase (EC 2.4.1.20, CBP) catalyzes the reversible phosphorolysis of cellobiose to α-D-glucose 1-phosphate (Glc1P) and D-glucose. Cys485, Tyr648, and Glu653 of CBP from Ruminococcus albus, situated at the +1 subsite, were mutated to modulate acceptor specificity. C485A, Y648F, and Y648V were active enough for analysis. Their acceptor specificities were compared with the wild type based on the apparent kinetic parameters determined in the presence of 10 mM Glc1P. C485A showed higher preference for 
Introduction
Carbohydrate phosphorylases, catalyzing reversible phosphorolysis of glycosidic linkages at the non-reducing end of substrates, are useful for the efficient synthesis of sugars because generally, they have high substrate specificity and produce target carbohydrates specifically through the reverse reactions (synthetic reaction). 1 To increase the number of carbohydrates that can be synthesized by carbohydrate phosphorylases, identification of new enzymes is ongoing. [2] [3] [4] [5] Another strategy to expand application of carbohydrate phosphorylases for synthesis of carbohydrates is to create mutant enzymes with specificities different from the parent enzymes.
A mutant enzyme showing higher phosphorolytic activity towards lactose has been obtained through random mutation of cellobiose phosphorylase (EC 2.4.1.20, CBP). 6 Other mutant CBPs have been reported to be active towards various alkyl β-glucosides, methyl α-glucoside, and cellobiose in the synthetic reaction. 7 Recently, mutant trehalose phosphorylase was reported to produce lactotrehalose (α-D-glucosyl-(1,1)-α-D-galactoside) more efficiently than the wild type. 8 On the basis of amino acid sequence similarities, CBP is categorized into glycoside hydrolase (GH) family 94 along with cellodextrin phosphorylase (EC 2.4.1.49), chitobiose phosphorylase (ChBP, EC 2.4.1.-), cyclic β-1,2-glucan synthase (CBGS, EC 2.4.1.-), and laminaribiose phosphorylase (LBP, EC 2.4.1.31). 9 In this family, only ChBP recognizes an N-acetyl-D-glucosamine moiety in the -1 and +1 subsites. It is evident from a comparison of the ChBP and CBP three dimensional structures that the amino acid residues forming the -1 subsite of ChBP are consistent with those of CBP, although the orientation of the Arg residue interacting with the chemical group at the C2 position is different. 10, 11 In the +1 subsite of ChBP,
Val forms a small pocket to accommodate an acetoamide group at the C2 position, while Tyr at the corresponding position of CBP forms a hydrogen bond to the 2-OH of D-glucose. This difference of amino acid residues suggests that it is possible to alter the acceptor specificities of the GH family 94 enzymes by site-directed mutagenesis. N-Acetyl-D-glucosamine is inert as an acceptor. In this study, to enhance the synthetic activity towards C-2 derivatives of D-glucose, the +1 subsite of RaCBP was modulated through site-directed mutation.
Ruminococcus albus

Results and Discussion
Selection of mutation sites of RaCBP
In the complex of Celluvibrio gilvus CBP and D-glucose, Cys491, Tyr653, and Glu659, corresponding to Cys485, Tyr648, and Glu654 of RaCBP, respectively, are located within 3 Å of the 2-OH group of D-glucose bound in the +1 subsite. 10 Glu residues, corresponding to Glu654 of RaCBP, are completely conserved in GH family 94 enzymes (Fig. 1 LBPs have Phe. In this study, Cys485, Tyr648, and Glu653 of RaCBP were selected as the mutation sites to modulate the specificity of C-2 derivatives of D-glucose, and 6 mutant enzymes (C485A, Y648A, Y648V, Y648F, E654A, and E654D) were analyzed.
Production and physicochemical properties of the mutated RaCBPs
The mutated RaCBPs were produced in Escherichia coli as the wild type, 12 and all the enzymes were successfully purified to homogeneity by Ni-chelating column chromatography.
Phosphorolytic activities of C485A, Y648F, and Y648V towards cellobiose were 43.0%, 23.0%, and 0.888% of the wild type, respectively ( Table 1) . Those of the other mutant enzymes were less than 0.1% of the wild type, and were not analyzed in the following experiments. In contrast to Y648F, Y648A and Y648V had significantly lower activities than the wild type (0.0535% and 0.888% of that of the wild type, respectively), indicating that a bulky amino acid residue is required to maintain the enzymatic activity toward cellobiose. In C. gilvus CBP, Glu659, corresponding to Glu654 of RaCBP, interacts with the 3-OH of D-glucose at the +1 subsite in addition to the 2-OH group, suggesting that this residue is essential for catalytic activity.
C485A, Y648F, and Y648V showed the highest activity at pH 6.0 similar to the wild type.
The C485A and Y648V mutants were stable over a pH range similar to the wild-type (pH 5.5-8.8), 12 but Y648F was less stable at high pH than the wild type (pH 5.5-7.5). C485A was stable below 45°C unlike the other mutants, which were stable below 40°C similar to the wild type.
Phosphorolysis and synthesis of cellobiose by mutated RaCBPs
The apparent kinetic parameters of C485A, Y648F, and Y648V for cellobiose (phosphorolysis) and D-glucose (synthesis) were measured in the presence of 10 mM inorganic phosphate and Glc1P, respectively (Table 2 ). C485A and Y648F showed k cat (app) values for both substrates similar to those of the wild type, while their K m (app) values were 7.7-21-fold higher than those of the wild type. In the phosphorolytic reaction for Y648V, a saturation curve was not obtained under the analytical conditions, and only a k cat (app) /K m (app) value was determined, 0.0681 s -1 mM -1 , which was 690-fold lower than the wild type. In the synthetic reaction, the k cat (app) and K m (app) of Y648V for D-glucose were 71-fold lower and 11-fold higher than the wild type, respectively. These results indicate that Cys485 and Tyr648 contribute to binding to D-glucose at the +1 subsite as predicted on the basis of comparison of the amino acid sequences between RaCBP and the structure-known C. gilvus CBP.
Acceptor specificity of the mutated RaCBPs
Synthetic activities of C485A, Y648F, and Y648V toward various C2-derivatives of D-glucose were investigated ( Amino acid residues at the corresponding position of Tyr648 of RaCBP are considered to be an important structural element for determining acceptor specificity of CBP and ChBP. 10, 11 In this study, we demonstrated that site-directed mutagenesis at Tyr648 of RaCBP modulated acceptor specificity, and the mutant enzymes Y648F and Y648V much more efficiently 3. Experimental
Preparation of mutated RaCBPs
The expression plasmids for the mutant RaCBPs were prepared using a Primestar Mutagenesis Basal Kit (Takara Bio, Otsu, Japan). The expression plasmid of the wild type 12 was used as the template. Primers used in the PCR are summarized in Table 4 . The mutant enzymes were produced in the transformant of Escherichia coli harboring the expression plasmid of each derivative of RaCBP, and purified to homogeneity as described elsewhere. 12 To improve protein production, induction culture was carried out at 18°C for 24 h in the presence of 0.1 mM isopropyl β-D-thiogalactopyranoside. Enzyme concentrations of purified RaCBP variants were determined by amino acid analysis after complete hydrolysis. 12 
Enzyme assay 3.2.1 Phosphorolysis of cellobiose
The reaction rate for phosphorolysis of 10 mM cellobiose (Sigma, St. Louis, MO) was measured in the presence of 10 mM sodium phosphate buffer (pH 6.0) as described previously. 12 Apparent kinetic parameters for the phosphorolysis of cellobiose were determined from phosphorolytic velocities at various concentrations of cellobiose and 10 mM sodium phosphate buffer (pH 6.0) as described previously. The optimal pH, pH and heat stabilities of mutated RaCBPs were investigated as described previously. 
Preparation and structural analysis of oligosaccharides produced by mutant RaCBPs
One mL of a reaction mixture consisting of enzyme, 10 mM MES-NaOH buffer (pH 6.0), 100 mM Glc1P, and 100 mM of each acceptor substrate was incubated at 37°C for 5 h, and heated at Silica gel containing the product was scraped off, and the oligosaccharide was extracted with 5 mL of water.
Chemical structures of the purified oligosaccharides were analyzed by 13 C-NMR. 13 C-NMR was recorded at 300 K in D 2 O using ECP-400 (100 MHz, JEOL, Tokyo).
3-(Trimethylsilyl)-1-propanesulfonic acid sodium salt was used as the standard. The chemical shifts of the samples were compared with known oligosaccharides. Reaction rates for synthetic reaction to 5-100 mM acceptor and 10 mM Glc1P were measured. N. D., not determined. In the reaction of C485A to 2-deoxy-D-glucose, k cat (app) /K m (app) was determined form slop of the s-v plot because saturation curve was not obtained. Data are mean ± standard deviation for three independent experiments. 
